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ABSTRACT
We present the first stereoscopic and Doppler observations of simultaneous transverse oscillations
of a prominence and a filament and longitudinal oscillation of another filament launched by a single
shock wave. Using Hα Doppler observations, we derive the three-dimensional oscillation velocities at
different heights along the prominence axis. The results indicate that the prominence has a larger
oscillation amplitude and damping time at higher altitude, but the periods at different heights are
the same (i.e., 13.5 minutes). This suggests that the prominence oscillates like a linear vertical rigid
body with one end anchored on the Sun. One of the filaments shows weak transverse oscillation after
the passing of the shock, which is possibly due to the low altitude of the filament and the weakening
(due to reflection) of the shock wave before the interaction. Large amplitude longitudinal oscillation
is observed in the other filament after the passing of the shock wave. The velocity amplitude and
period are about 26.8 km s−1 and 80.3 minutes, respectively. We propose that the orientation of a
filament or prominence relative to the normal vector of the incoming shock should be an important
factor for launching transverse or longitudinal filament oscillations. In addition, the restoring forces of
the transverse prominence are most likely due to the coupling of gravity and magnetic tension of the
supporting magnetic field, while that for the longitudinal filament oscillation is probably the resultant
force of gravity and magnetic pressure.
Subject headings: Sun: activity — Sun: filaments, prominences — Sun: flares — Sun: oscillations —
Sun: magnetic fields
1. INTRODUCTION
Solar prominences or filaments are cool and dense plas-
mas supported by coronal magnetic fields, and their erup-
tion often causes large-scale reconfiguration of coronal
magnetic fields and is usually the source of solar storms
that can influence the near-Earth space environmental
condition (e.g., Chen 2011; Fang 2012; Shen et al. 2012;
Wang & Ji 2013; Liu et al. 2014). For the past several
decades, the dynamics of solar prominences has been the
subject of a large number of studies. However, many
fundamental problems about prominences are still open
questions (Shen et al. 2011, 2012d,e; Bi et al. 2012, 2013;
Parenti 2014). Therefore, the investigation of the ba-
sic physics in prominence is of particular importance in
solar physics. In the present paper, we focus on the
intriguing large amplitude oscillatory motion in promi-
nences/filaments, which is rarely observed, and many
questions about this phenomenon are yet to be under-
stood (Tripathi et al. 2009). On the other hand, many
studies have indicated that small amplitude oscillation in
prominences is a common phenomenon, which is thought
to be locally generated by perturbations omnipresent in
the photosphere and chromosphere (Arregui et al. 2012).
Prominences and filaments are the same entities with the
former seen in emission over the solar limb and the lat-
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ter on the disk in absorption. We will use the two terms
interchangeably throughout the paper.
Large amplitude oscillatory motion in prominences has
been observed for about eighty years since the early re-
ports in the 1930s (Dyson 1930; Newton 1935). Previ-
ous observations have indicated that oscillating filaments
are tightly in association with remote flare activities and
global shock waves (Moreton & Ramsey 1960; Shen & Liu
2012b,c; Shen et al. 2013a; Yang et al. 2013; Xue et al.
2013; Liu & Ofman 2014). Due to the interaction with
shock waves, a filament usually starts to oscillate with
a large downward motion and then experiences an up-
and-down damping harmonic oscillation process (Dodson
1949; Bruzek 1951; Moreton & Ramsey 1960; Shen et al.
2014; Xue et al. 2014). If one observes an oscillating fila-
ment using Hα line-wings, the filament will periodically
appear and disappear in the line-wing due to the Doppler
effect. Therefore, such kind of oscillating filament is also
called “winking filaments” in history. Ramsey & Smith
(1966) studied 11 winking filaments and found that fila-
ments always oscillate with their own characteristic fre-
quency, which is determined by the inherent property of
the filament rather than the disturbance agents. Pre-
vious studies have indicated that winking filaments are
usually initiated by fast magnetohydrodynamics (MHD)
shocks in the solar atmosphere, for example, chromo-
sphere Moreton waves (Moreton & Ramsey 1960) and
coronal EUV waves (Shen & Liu 2012b; Shen et al. 2014).
Since the speed of a fast MHD wave is faster in the corona
than that in the chromosphere, the normal vector of the
wavefront points downward as the wave travels from the
flare site (Uchida 1968; Liu et al. 2012, 2013). Therefore,
the arriving of a shock wave will push the filament down-
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wards to a certain displacement at the first, and then it
will oscillate for a few cycles with the coupling of gravity
and magnetic forces as the restoring force. According to
the classification of large amplitude filament oscillations,
the winking filaments belong to transverse and/or verti-
cal filament oscillation, whose oscillation direction is per-
pendicular to the filament’s main axis. In many studies,
the chromosphere Moreton wave is often thought as the
trigger of winking filaments (Eto et al. 2002). However,
coronal EUV waves could also trigger the oscillations of
some filaments (Okamoto et al. 2004; Kumar et al. 2013;
Shen et al. 2014), and coronal loops (Shen & Liu 2012b;
Kumar et al. 2013; Zheng et al. 2013). Very recently,
Shen et al. (2014) observed a chain of winking filaments
in association with a remote flare and a bright EUV wave
in the west hemisphere. In this event, there is no chromo-
sphere Moreton wave that could be detected in Hα ob-
servations, and the EUV wave is also difficult to identify
at the location of a long filament in the east hemisphere.
The authors found that the initiation of the filament os-
cillation is in agreement with the inferred arriving time
of the lateral surface EUV wave, which is driven by the
associated coronal mass ejection (CME) at the first and
then freely propagates in the corona along the solar sur-
face. This observations suggests that some winking fila-
ments can be triggered by invisible (weak) shock waves.
According the table in Tripathi et al. (2009) and Shen et
al. (2014), the velocity amplitude, period, and damping
time of winking filaments are in ranges of 6 – 41 km s−1,
11 – 29, and 25 – 180 minutes, respectively. Theoretical
investigations of transverse/vertical filament oscillations
have also been performed by Hyder (1966) and Kleczek
& Kuperus (1969), in which the magnetic tension is con-
sidered as the main restoring force, while the damping
can be attributed either to energy losses by emission of
shock waves into the ambient corona or to various dissi-
pative processes (Tripathi et al. 2009, and the references
therein).
Besides large amplitude transverse filament oscilla-
tions, Jing et al. (2003) first reported the other type of
large amplitude oscillations in filaments, i.e., longitudi-
nal filament oscillation, where the oscillatory motion is
along the filament axis. According to previous studies,
the velocity amplitude, period, and damping time of lon-
gitudinal oscillations are in ranges of 30 – 100 km s−1,
44 – 160, and 115 – 600 minutes, respectively. Previous
observations have indicated that the initiation of longitu-
dinal oscillation in filaments is often related to the nearby
micro flare or jet activities (Jing et al. 2003, 2006; Vrsˇnak
et al. 2007; Li & Zhang 2012; Bi et al. 2014). However,
what is the main restoring force is still an open question.
Generally speaking, there are three candidate forces that
could be the restoring force for longitudinal filament os-
cillations, i.e., gravity, magnetic pressure, and magnetic
tension forces. Vrsˇnak et al. (2007) explained the trigger
of longitudinal filament oscillations in terms of poloidal
magnetic flux injection into the filament by magnetic re-
connection at one of the filament legs, and the magnetic
pressure gradient along the filament axis is proposed to
be the restoring force. However, Li & Zhang (2012) sug-
gested that the restoring force is probably the coupling
of the magnetic tension and gravity. Theoretical works
have also been done for investigating the restoring force
and damping mechanisms of large amplitude longitudinal
filament oscillations (Luna et al. 2012; Luna & Karpen
2012; Luna et al. 2014; Zhang et al. 2012, 2013). The au-
thors found that the main restoring force is mainly the
projection component of the gravity along the filament
axis, while the damping is possibly related to the wave
leakage, mass accretion, and geometry of the magnetic
structure which supports the filament mass. It should
be noted that in these numerical studies the authors did
not take the filament magnetic field into account.
In addition to the above mentioned large amplitude
transverse and longitudinal filament oscillations, large
amplitude long and ultra-long-period filament oscilla-
tions are also observed (say, 8 – 27 hours), which is
interpreted in terms of slow string MHD modes and/or
thermal over-stability associated with peculiarities of the
cooling/heating function (Foullon et al. 2004, 2009). On
October 15, 2002, the oscillation of a polar crown fil-
ament was observed before and during the slow-rising
pre-eruption phase, and the period is about 2.5 hours
(Isobe & Tripathi 2006; Isobe et al. 2007; Pinte´r et al.
2008; Chen et al. 2008). The authors proposed that the
fast magnetic reconnection that changes the equilibrium
of the supporting magnetic system could be the possible
trigger mechanism. These observations of prominence
oscillations can provide a powerful diagnostic tool for
the forecasting of prominence eruption. The observation
of large amplitude prominence oscillations is important
for studying the property of prominences and the sur-
rounding coronal plasma with the so-called prominence
seismology (e.g., Hyder 1966; Uchida 1970; Isobe et al.
2007; Pinte´r et al. 2008; Hershaw et al. 2011). In addi-
tion, it is also important for diagnosing the character-
istics and the arriving of large-scale MHD waves in the
solar atmosphere (e.g., Eto et al. 2002; Okamoto et al.
2004; Gilbert et al. 2008; Gosain & Foullon 2012; Jack-
iewicz & Balasubramaniam 2013; Shen et al. 2014). For
more background knowledge on filament oscillations, we
refer to several recent reviews (Oliver & Ballester 2002;
Tripathi et al. 2009; Arregui et al. 2012).
In the present paper, we present the first observations
of simultaneous transverse oscillations of a prominence
and a filament and longitudinal oscillation of another fil-
ament launched by the shock wave in association with
the impulsive GOES X6.9 flare on August 09, 2011. This
flare is so far the most powerful one in the current so-
lar cycle 24, and it has attracted a lot of attention of
solar physicists. Shen & Liu (2012c) and Asai et al.
(2012) studied the associated shock wave in different lay-
ers of the solar atmosphere, in which the authors firstly
reported the corresponding wave signature at the bot-
tom layer of the chromosphere, which suggests that a
stronger shock wave can reach down deeper to the solar
atmosphere. This event also caused the oscillation of a
nearby loop system (Srivastava & Goossens 2013), the
peculiar phenomenon of microwave quasi-periodic pul-
sation (Tan & Tan 2012), and influence on the Earth’s
electrodynamics of the equatorial and low-latitude iono-
sphere (Sripathi et al. 2013). Although Asai et al. (2012)
have briefly studied the associated prominence oscillation
in this event, here, we present a more detailed analysis
about the prominence and filament oscillations involved
in this event, with Doppler and stereoscopic observations
taken by the Solar Magnetic Activity Research Telescope
3(SMART; Ueno et al. 2004), the Solar Dynamics Obser-
vatory (SDO; Pesnell et al. 2012), and the Solar TEr-
restrial RElations Observatory (STEREO; Kaiser et al.
2008). Instruments and data sets are described in Sec-
tion 2, results are presented in Section 3, and discussions
and conclusions are given in Section 4.
2. INSTRUMENTS AND DATA SETS
In this paper, we use stereoscopic and Doppler
multi-wavelength observations to study the simultaneous
prominence and filament oscillations caused by the global
shock wave in association with the X6.9 flare on August
09, 2012. The used instruments include SMART, SDO,
and STEREO-Ahead, and the flare light-curves recorded
by the Geostationary Operational Environmental Satel-
lite (GOES) and the Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI; Lin et al. 2002). The
SMART is a ground-based telescope at Hida Observa-
tory of Kyoto University, Japan, which is designed to
observe the dynamic chromosphere and the photospheric
magnetic field. We use the full-disk Hα images taken in
seven wavelengths at Hα center, ±0.5 A˚, ±0.8 A˚, and
±1.2 A˚. The telescope takes images with the seven chan-
nels near simultaneously (< 1 min), and the field-of-view
(FOV) and pixel resolution are 2300′′ × 2300′′ and 0′′.6,
respectively. The cadence of the images is 2 minutes.
The high temporal and spatial resolution EUV observa-
tions are taken by the Atmospheric Imaging Assembly
(AIA; Lemen et al. 2012) onboard SDO, which provides
continuous images at seven EUV and three UV-visible
channels, and the cadence and pixel size are 12 seconds
and 0′′.6, respectively. The full-disk EUV observations
taken by STEREO-Ahead are also used in this paper. On
August 09, 2011, the separation angle between STEREO-
Ahead and the Earth is about 101◦. Since the source
region located close to the west limb from the Earth’s
view angle, the event was not observed by the STEREO-
Behind. The pixel size of STEREO images is 1′′.58, while
the cadences of the 195 A˚ 304 A˚ and 171 A˚ images are
5, 10, and 120 minutes, respectively. All images used in
this paper are differentially rotated to a reference time of
08:05 UT by using the standard SolarSoftWare (SSW),
and the north is up and east is to the left.
3. RESULTS
3.1. Overview of the Event
Figure 1 shows the soft and hard X-ray light-curves
of the GOES X6.9 flare occurred in NOAA Active Re-
gion AR11263 (N18W80) on August 09, 2011. The start,
peak, and stop times of the flare are 07:48:00, 08:05:00,
and 08:08:00 UT, respectively. During the rising phase
of the flare, microwave quasi-periodic pulsations with
millisecond timescale superfine structures are observed,
which reflects the micro magnetic reconnection process
and the dynamics of energetic electrons in the flaring pro-
cess (Tan & Tan 2012). Such microwave superfine struc-
tures are possibly important for understanding the driv-
ing mechanism of the recently discovered quasi-periodic
fast propagating magnetosonic waves (Liu et al. 2010,
2011, 2012; Shen & Liu 2012a; Shen et al. 2013b; Yuan
et al. 2013). The flare was accompanied by a type II ra-
dio burst and a halo CME whose average speed is about
1610 km s−1 (Shen & Liu 2012c). This impulsive flare
also resulted in the sudden enhancement of total electron
content in the sunlit hemisphere and the sudden decrease
and increase of geomagnetic northward (H) component’s
strength at equatorial and low-latitude ionosphere of the
Earth (Sripathi et al. 2013). In the low solar atmosphere,
an impulsive shock wave is observed simultaneously from
the top of the photosphere (say, AIA 1700 A˚) to the low
corona, and it directly resulted in the oscillation of a
prominence and two filaments far from the flare. Ac-
cording to Shen & Liu (2012c), the shock wave propa-
gated with an extremely high speed of 1000 km s−1 at
the initial stage, but quickly it decelerated to a mod-
erate speed of 605 km s−1. Asai et al. (2012) roughly
estimated the oscillation period and amplitude of the
prominence, and they are about 12 – 16 minutes and 10
Mm, respectively. Using the Doppler and stereoscopic
multi-wavelength high-resolution observations taken by
the SMART, SDO, and STEREO-Ahead, in this paper
we will present more details about the oscillating promi-
nence and the other two filaments.
Fig. 1.— The soft and hard X-ray light-curves of the X6.9 flare.
Top panel shows the GOES soft X-ray profiles of 0.5 – 4 A˚ (blue)
and 1 – 8 A˚ (red), while the bottom one is the RHESSI hard X-ray
count rates in the energy bands (4 seconds integration) of 3 – 6
keV (black), 6 – 12 keV (magenta), 12 – 25 keV (green), and 25
– 50 keV (cyan). The two vertical dashed lines in the top panel
indicate the time interval of the bottom one.
An overview of the pre-event magnetic condition
around the flare source region is shown in Figure 2. From
the Earth’s angle of view, the location of AR11263 was
close to the west limb in the northern hemisphere, while
a filament (F1) and a prominence (P) can be observed in
the southern hemisphere (see Figure 2 (a) – (d)). From
the STEREO-Ahead angle of view, AR11263 and F1 were
close to the west limb, while P can be identified as a long
filament along the north-south direction. In addition to
F1 and P, there is another filament (F2) close to the
meridian line in the STEREO-Ahead observations (see
Figure 2 (e) – (g)). Large amplitude oscillation of the two
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Fig. 2.— An overview of the event right before the flare. Panel (a) is a SMART Hα center image (see also animation 1), panels (b) – (d)
are AIA 193 (animation 2), 171, and 304 A˚ images, respectively. The inset in panel (b) is a closed up view of the prominence. Panel (e) –
(g) are STEREO-Ahead 195 (animation 3), 171, and 304 A˚ images, respectively. Panels (h) and (i) are AIA 193 A˚ and STEREO-Ahead
195 A˚ images, respectively. They are overlaid with extrapolated three-dimensional coronal fields, in which the white (green) lines represent
the close (open) field lines. The field of views of the top and middle rows are indicated by the black dashed boxes in panels (h) and (i),
respectively. F1, F2, and P in panels (a) and (e) indicate the two filaments and the prominence, respectively.
filaments and the prominence are observed right after the
passing of the shock wave. Panels (h) and (i) are AIA
193 A˚ and STEREO-Ahead 195 A˚ images, respectively.
They are overlaid with the three-dimensional coronal
fields extrapolated with the Potential Field Source Sur-
face (PFSS) software (Schrijver & De Rosa 2003), where
the green and white lines represent the calculated open
and closed field lines, respectively. One can see that most
part of the region of interest is covered with closed field
except for a small region in-between F1 and the promi-
nence, where the dominant magnetic field is open (see
the green lines in Figure 2 (h) and (i)). With a pair
of AIA 193 A˚ and STEREO-Ahead 195 A˚ images at
07:46:15 UT, the three-dimensional structures of F1 and
the prominence can be reconstructed by using the pro-
cedure “scc measure.pro” developed by W. Thompson.
The results show that the heights of F1 and the promi-
nence are 34.8 ± 1.5 and 79.0 ± 2.7 Mm, respectively.
Here the errors are given by the standard derivation of
the measured data. The lower altitude of F1 could be one
of the possible reason accounting for the weak oscillation
of F1. The height of F2 can not be obtained because
observations is only available from the STEREO-Ahead.
3.2. The Shock Wave
The shock wave was observed as a fast Moreton wave
in the SMART Hα observations. However, due to the low
cadence of SMART, the Moreton wave can only be ob-
5Fig. 3.— Chromosphere and coronal observations of the shock wave. Panels (a1) – (a3) are SMART Hα center based-difference images,
while (b1) – (b3) and (c1) – (c3) are Doppler velocity images of Hα 0.5 and 0.8 A˚ from the Hα line-center. (d1) – (d3) are AIA 193 A˚
based-difference images. The black dashed curves indicate the surface component of the shock wave, while the white dashed curves indicate
the edge of the dome component of the shock wave. The FOV of the Hα observations is shown as the white box in Figure 2 (a), while that
for the AIA 193 A˚ is indicated by the black box in Figure 2 (h).
served in three successive images (see animation 1). We
show the Moreton wave in Hα center based-difference
and Doppler velocity images in Figure 3. To compare
Moreton wave in the chromosphere and the correspond-
ing wave signature in the low corona, we also show the
AIA 193 A˚ based-difference images in the figure (see ani-
mation 2 and 3). It should be pointed out that the based-
difference images are created by subtracting a pre-event
image from the time sequence images, and the Doppler
velocity images are obtained by subtracting the near-
simultaneous blue-wing image from the corresponding
red-wing one. In the based-difference Hα images, the
moving wavefront is seen as a white arc-shaped structure,
while in the Doppler velocity images the white wavefront
(red shift) is followed by a dark one (blue shift), which
suggests that the dense chromosphere plasma was firstly
compressed downwardly (red-shift) and then restored up-
wardly (blue-shift) after the passing of the shock wave.
On the other hand, one can see that the coronal wave is
composed of two parts in the based-difference AIA 193
A˚ images: a sharp arc-shaped bright structure on the
disk and a dome-shaped structure over the limb. By
comparing the wavefronts in the chromosphere and the
low corona, we find that the sharp wave structure in
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Fig. 4.— SDO and the STEREO-Ahead observations of the shock wave (animation 4). Panels (a1) – (a4) and (b1) – (b4) are SDO/AIA
193 A˚ and STEREO-Ahead 195 A˚ based-difference images, respectively. The white contours mark the position of the filaments and the
prominence. Panels (c1) and (c2) are time-distance diagrams made from the AIA 193 A˚ based-difference observations along S1 and S2 as
shown in Figure 2 (h), respectively. The location of the filament (F1) and the prominence (P) are indicated by the black horizontal dashed
lines in the time-distance diagrams. The field of views of (a1) – (a4) and (b1) – (b4) are shown as black dashed boxes in Figure 2 (h) and
(i), respectively.
the corona is consistent with the chromosphere More-
ton wave due to their similar structure and kinematics
(see the dashed black curves in Figure 3 (d1) – (d3)). As
one can see from the figure, the dome-shaped structure
is smoothly connecting to the sharp one. This picture in-
dicates that the coronal shock wave should be in a dome
shape, whose lower part sweeps the solar surface and
thereby forms the sharp wavefront in the corona and the
Moreton wave in the chromosphere (Shen & Liu 2012c;
Asai et al. 2012). The EUV and Hα observations also
suggest that the wave was inclined to the solar surface.
These observational results are in agreement with the
theoretical interpretation in Uchida (1968) and recent
observations (Liu et al. 2012, 2013), where the chromo-
sphere Moreton wave is caused by the compression of
the chromosphere material by a coronal fast-mode shock
wave.
Figure 4 shows the shock wave in AIA 193 A˚ and
STEREO-Ahead 195 A˚ observations, in which the lo-
cations of the two filaments and the prominence are in-
dicated by the white contours in the figure. We find that
the prominence observed in AIA images is correspond-
ing to the south leg of the filament in the STEREO-
Ahead observations. It can be identified that the wave
first interacted with the filament’s northern leg at about
08:10:30 UT. The wave arrives at F1 and F2 at about
08:15:30 and 08:25:30 UT, respectively. When the wave
approaches F1, it encounters strong reflection due to the
open fields in its northern side (see Figure 2 (h) and (i)).
The reflected wave can also be observed in the AIA ob-
servations. We show the incoming and reflected waves
by means of time-distance diagram technique, in which
the propagating shock wave can be identified as a bright
stripe. As one can see in the time-distance diagram,
the slopes of the incoming and reflected shock wave are
positive and negative, respectively (see Figure 4 (c1)).
One can see that the wave was reflected at a distance of
about 450 Mm from the flare site, which is about 150
Mm from F1. This finding could be another possible
reason for explaining the weak oscillation of F1, since
the reflection of the shock wave can significantly reduce
7Fig. 5.— Hα and EUV observations of the prominence oscillation. The top and middle rows show the SMART Hα line-center and
line-wing at about 08:12 UT and 08:23 UT, respectively. The wavelength for each column of the top two rows is indicated in the top row.
Panels (c1) – (c4) are AIA 193 A˚ images, in which the white dashed line indicates the equilibrium position of the prominence. Panels (d1)
– (d3) are AIA 304 A˚ observations. The field of view of each panel is shown as the white dashed box in Figure 2 (a).
the wave energy. Since the intensity profile of coronal
shock waves usually have a Gaussian shape (Wills-Davey
2006), the trajectory of the wavefront can be obtained
by fitting the intensity profiles using a Gaussian model
(see also, Long et al. 2011). In addition, Byrne et al.
(2013) found that the Savitzky-Golay filter (Savitzky &
Golay 1964) is a more appropriate technique for deriv-
ing the kinematics of shock waves than the traditional
3-point Lagrangian method. Therefore, in the present
paper we chose this method to derive the kinematics of
the shock wave and the oscillating filament and promi-
nence. The results show that the average speeds of the
incoming and the reflected waves are 459.7 ± 81.3 km s−1
and -224.8 ± 67.4 km s−1, respectively. Here the errors
are the standard deviation of the derived velocities. One
can see that the speed of the reflected wave is about half
of the incoming wave, which indicates the significant en-
ergy loss during the interaction process. Panel (c2) shows
the wave-prominence interaction process along S2, which
reflects the kinematics of the dome-shaped wave compo-
nent. One can see that the prominence starts to oscillate
right after the passing of the shock. The average speed
of the shock obtained from this time-distance diagram is
624.6 ± 134.2 km s−1, which is faster than the on-disk
wave component (459.7 ± 81.3 km s−1). The discrepancy
of the speed of the two components is possibly the result
of wave delay at lower heights in the solar atmosphere
due to the forward inclining structure of the shock wave
(Liu et al. 2012, 2013), or larger magnetic field strength
at lower altitude.
3.3. The Transverse Oscillation of the Prominence
Figure 5 – 7 show the detailed analysis results of the
transverse oscillating prominence. First of all, we dis-
play the Hα Doppler and multi-wavelengths EUV obser-
vations in Figure 5 to show the intriguing prominence os-
cillation and the wave-prominence interaction processes
(see animation 4). In the Hα observations, the promi-
nence is located at the west limb, and it can only be ob-
served in the Hα center images before the oscillation. Im-
mediately after the passing of the shock wave the promi-
nence appeared in the Hα red-wing observations, which
indicates that the prominence was pushed to westward
by the shock wave (see the top row in Figure 5). Several
minutes later, the prominence appeared in the blue-wing
images, in the meantime, it disappeared from the red-
wing observations (see the middle row in Figure 5). This
indicates that the prominence changed the westward mo-
tion (red-shift) to eastward (blue-shift) during this pe-
riod. The motion pattern of the prominence is similar to
the on-disk observations of winking filaments induced by
shock waves (e.g., Shen et al. 2014). The observational
results also indicate that the axis of the prominence is not
strictly along the north-south direction, as in that case,
no doppler motion could be detected in the Hα-wing ob-
servations. The oscillating prominence is also shown in
AIA 193 A˚ and 304 A˚ images (see the bottom row in Fig-
ure 5). We find that in 193 A˚ images the prominence first
moved to the south and then to the north. Taking the
Doppler Hα and the AIA imaging observations together
into consideration, such a kinematics pattern suggests
that the resultant motion of the prominence should be
first in southwest and then in northeast direction, and
the axis of the prominence is along northeast-southwest
direction as shown by the STEREO-Ahead on-disk ob-
servations (see Figure 4 (b1) – (b4)). In the AIA 304 A˚
images, the interaction of the wave and the prominence
can be identified by tracing the brightening caused by
the compression of the wave to the prominence material
(see panels (d1) – (d3) in Figure 5 and animation 4),
which is possibly useful for diagnosing the properties of
the prominence magnetic fields and the wave energy loss
of the shock wave during the interaction.
We measure the transverse motion of the oscillating
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Fig. 6.— AIA 193 A˚ analysis of the oscillating prominence. The top row shows the time-distance diagrams obtained from 193 A˚ images
along cuts A1 – A3 (see Figure 5(a4)), whose heights are 20, 30, and 40 Mm from the solar limb, respectively. The middle and bottom
rows show the corresponding trajectory and velocity, respectively. The golden vertical bars show the measuring errors of the prominence
trajectory, which are given by the widths of the Gaussian fit applied to the intensity profiles. In each frame, the solar north (south) is up
(down), while the equilibrium position of the prominence is set as the original point of the prominence oscillation.
prominence at three different heights, i.e., 20, 30, 40 Mm
above the solar limb as indicated by the three curves in
Figure 5 (a4). Along these cuts, we first generate the
time-distance diagrams using the time sequence AIA 193
A˚ and Hα center images, then we are able to trace the
trajectory of the oscillating prominence and to derive the
oscillation velocity profile. The time-distance diagrams
obtained from AIA 193 A˚ images are shown in the top
row of Figure 6. The position of the prominence at a
certain time is determined by fitting the intensity pro-
file using a Gaussian profile, and the error is given by
the width of the Gaussian. The traced trajectory (blue)
and the associated error (golden) of the oscillating promi-
nence is plotted in the middle row, from which we also
derived the velocity profile at the three heights using the
Savitzky-Golay filter method (bottom row). This figure
clearly shows that the prominence starts to oscillate im-
mediately after the arriving of the shock wave, and the
oscillation lasts for about two cycles. In addition, the os-
cillation amplitude at higher altitude is larger than that
at lower heights, which suggests that the prominence os-
cillate like a vertical linear rigid body with its one end
anchoring on the solar surface.
Figure 7 shows the analysis results obtained from Hα
observations. The time-distance diagrams are shown in
the top row, based on which we further derived the tra-
jectories (second row) and transverse velocities (third
row) at different heights with the same method used in
Figure 6. In addition, using the Doppler observations
taken by the SMART telescope and the Beckers’ cloud
model (Beckers 1964), we also derive the Doppler ve-
locity along the LOS. The cloud model is a widely used
method for deriving parameters of cloud-like structures
in the solar corona (e.g., Liu & Ding 2001a,b; Mori-
moto & Kurokawa 2003; Morimoto et al. 2010; Shen et
al. 2014). To obtain the Doppler velocity of the oscillat-
ing prominence, one first needs to measure the intensity
contrast profile of a point on the prominence. Here the
intensity contrast is obtained by dividing the prominence
intensity by the nearby background intensity. Then, fit-
ting the intensity contrast profile with the cloud model,
one can obtain the four unknown parameters in the cloud
model, namely, the source function S, the Doppler width
∆λD, the optical thickness τ0, and the Doppler velocity
9Fig. 7.— SMART analysis of the oscillating prominence. The top row shows the time-distance diagrams obtained from Hα center images
along cuts A1 – A3 (see Figure 5(a4)), whose heights are 20, 30, and 40 Mm from the solar limb, respectively. The second row shows the
corresponding trajectories (blue) with error bars (golden) given by the widths of the Gaussian fit applied to the intensity profiles along the
cuts. The third, fourth, and bottom rows show the derived transverse, LOS, and the resultant three-dimensional velocities, respectively.
The red curves in the bottom row are the fitting result to the total velocity profiles. In each panel, north is up and south is down.
v. Since the detailed description of the cloud model can
be found in many articles (e.g., Tziotziou 2007; Shen et
al. 2014, and the references therein), we do not describe
it in the present paper. The derived Doppler velocities
at different height are shown in the fourth row of Fig-
ure 7. It is clear that the phase difference between the
Doppler velocity and the transverse velocity is about pi,
which suggests that the southward (northward) motion
of the prominence in imaging observations corresponds
to the red-shift (blue-shift) motion in the Doppler im-
ages. This result indicates that the orientation of the
prominence axis should be in northeast-southwest direc-
tion, in agreement with the on-disk observational results
based on the STEREO-Ahead images. Finally, the to-
tal three-dimensional velocity can be obtained by com-
positing the transverse and the Doppler velocity compo-
nents obtained from the Hα observations. The results are
shown in the bottom row of Figure 7. To obtain the os-
cillation periods of the oscillating prominence at different
heights, the total velocity profiles are fitted with a damp-
ing function in a form of F (t) = A exp(− tτ ) sin(2pitT + φ),
where A, T , τ , and φ are initial amplitude, period, damp-
ing time, and initial phase, respectively (see the overlaid
red curves). The same fitting procedure is also applied to
the transverse oscillation velocity profiles obtained from
AIA 193 A˚ (the bottom row of Figure 6) and Hα center
(the third row of Figure 7) observations, and the results
are all listed in Table 1. One can see that the prominence
oscillation has a larger velocity amplitude at the higher
altitude, but the oscillation periods at different heights
are the same (13.5 minutes). In addition, the damping
time at higher height is also larger than that at lower
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height, which may indicates the different magnetic field
and plasma density of the surrounding corona at these
heights.
3.4. The Longitudinal Oscillation in F2
From the view angle of the STEREO-Ahead, it is in-
teresting that large amplitude longitudinal oscillation is
observed in the other filament (F2) after the passing of
the shock wave. In previous articles, the initiation of such
kind of filament oscillation is often due to the nearby mi-
cro flares, jets, and filament eruptions. However, in the
present case, it is evidenced that the longitudinal oscil-
lation in F2 is directly caused by the shock wave. This
is the first report of large amplitude filament oscillations
initiated by the shock wave. Since there were no Hα and
SDO observations of this filament, we can only show the
STEREO-Ahead observations in Figure 8. As one can
see in panels (a1) – (a3) of Figure 8 and animation 3,
F2 is oriented in east-west direction. The shock wave
came from the east and firstly interacted with the east-
ern end of the filament. Then some of the filament mass
started to oscillate along the main axis of the filament.
The incoming wave is indicated by the white arrow in
Figure 8 (a1), and the direction of the mass motion is in-
dicated by the white arrows in Figure 8 (a2) and (a3). To
study the kinematics of the oscillation, we further gen-
erate the time-distance diagram along the filament axis
(dashed curve in Figure 8 (a1)), and the result is plot-
ted in Figure 8 (b1). Since the cut is along the filament
axis that is full of dark filament mass, it is difficult to
trace the oscillating trajectory due to the low signal to
noise ratio. Therefore, we simply trace the oscillation
trajectory by eye from the time-distance diagram (white
dotted curve in Figure 8 (b1)). Using the Savitzky-Golay
filter method, the velocity profile (blue) is derived from
the traced trajectory (blue curve in Figure 8 (b2)). The
velocity profile is then fitted with the damping function
F (t) = A exp(− tτ ) sin( 2pitT + φ) (red curve in Figure 8
(b2)). The results show that the filament oscillated about
four cycles, and the period and velocity amplitude are
about 80.3 ± 3.6 minutes and 26.8 ± 3.1 km s−1. It can
be seen that the first cycle shows a large amplitude, and
then it quickly decreases to a moderate value. This char-
acteristic is consistent with the idea that the oscillation
is launched by the arriving of the shock wave, which can
exert a pulse-like pressure to the filament mass in the
axial direction and thus drives the longitudinal motion
in the filament.
4. CONCLUSIONS AND DISCUSSIONS
The impulsive X6.9 flare on August 09, 2011 is so far
the strongest flare during the current solar cycle, and it
has attracted a lot of attention of solar physicists. Sev-
eral authors have studied the different aspects of this flare
(Shen & Liu 2012c; Asai et al. 2012; Tan & Tan 2012;
Srivastava & Goossens 2013; Sripathi et al. 2013). How-
ever, a detailed study of the filament and prominence os-
cillations resulted from the shock wave has not been per-
formed. In this paper, we present the first observations of
simultaneous transverse oscillations of a prominence (P)
and a filament (F1) and the longitudinal oscillation of
another filament (F2) launched by the large-scale shock
wave in association with the impulsive flare, using the
high temporal and spatial resolution Doppler and stereo-
scopic observations taken by the ground-based SMART
and space-borne SDO and STEREO instruments. In ad-
dition, we also derive the three-dimensional velocity and
other parameters of the oscillating prominence, which are
important for further theoretical and numerical investi-
gations of the prominence nature.
In EUV observations, it is evident that the shock wave
is composed of two distinct components: one is the
sharp arc-shaped wavefront propagating on the surface
(vav =459.7 km s
−1), the other is the dome-shaped wave
structure over the limb (vav =624.6 km s
−1). The former
has similar topology and kinematics with the wave sig-
natures observed in AIA 1700 A˚, 1600 A˚, and Hα obser-
vations, which image the transition region and chromo-
sphere layers below the corona (ref., Shen & Liu 2012c).
When the sharp surface component of the shock wave en-
countered a region of open magnetic fields, it underwent
a reflection process that reduces the wave speed to about
224.8 km s−1. The speed of the reflected wave is about
half of the incoming wave, which indicates the significant
energy loss of the shock wave during the interaction with
the open fields. The smooth connection of the two wave
components suggests that the sharp wave structure on
the surface should be caused by the compression of the
surface plasma by the dome-shaped shock wave, in agree-
ment with the theoretical prediction in Uchida (1968).
The shock wave resulted in the oscillation of a promi-
nence (P) over the limb and two filaments (F1 and F2)
on the disk. Using a pair of SDO 193 A˚ and STEREO-
A 195 A˚ images before the flare, the three-dimensional
structures of F1 and the prominence are reconstructed,
and their heights above the solar surface are about 34.8
and 79.0 Mm, respectively. We find that F1 showed weak
oscillation after the passing of the shock wave (not shown
here), unlike the strong oscillation of the prominence and
F2. Based on our analysis results, we propose that the
weak oscillation of F1 is possibly due to two reasons:
the lower altitude of the filament and the weakening of
the shock wave due to the reflection by the nearby open
magnetic fields.
The prominence showed obvious transverse oscillation
after the passing of the shock wave. Using the Hα
Doppler observations taken by the SMART and the Beck-
ers’ cloud model, we first derive the three-dimensional
velocity of the oscillating prominence, based on the mea-
surement of the transverse velocity in the plane of sky
and the Doppler velocity along the LOS direction. The
oscillation parameters at the three heights (20, 30, and 40
Mm above the surface) on the prominence are measured.
The results indicate that at higher height the oscillation
amplitude is larger than those at lower altitude, but the
oscillation periods at different heights are all the same
(13.5 minutes). This suggests that the prominence os-
cillate like a linear vertical rigid body with its one end
anchors on the Sun. In addition, the damping time at
higher height is also larger than that at lower height,
which suggests that at lower heights the damping is more
serious that that at higher heights. This result reflects
the different magnetic field strength and plasma density
of the surrounding corona at these heights. Based on
the fitting results of the derived three-dimensional veloc-
ity profiles, at the heights of 20, 30, and 40 Mm above
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TABLE 1
Various Parameters of the Oscillating Prominence.
Height
(Mm)
ATran193
( km s−1)
ATranHα
( km s−1)
ALOS
( km s−1)
ATot
( km s−1)
PTot
(min)
τTot
(min)
20 33.4 ± 2.4 37.8 ± 4.5 33.8 ± 2.5 65.3 ± 3.3 13.5 ± 0.1 31.3 ± 4.2
30 52.7 ± 5.3 55.6 ± 3.9 38.2 ± 4.6 78.1 ± 2.6 13.5 ± 0.2 45.3 ± 2.7
40 84.3 ± 4.8 82.7 ± 4.2 40.7 ± 3.1 89.6 ± 4.1 13.5 ± 0.1 54.0 ± 4.1
Note. — In the table, Height is the three measured heights as shown in Figure 4 (a4). ATran193 and ATranHα are the transverse velocity
amplitude measured from AIA 193 A˚ and Hα observations, while ALOS and ATot are the Doppler velocity amplitude in the LOS and the
derived total velocity amplitude, respectively. PTot, and τTot are the period and damping time obtained from the total velocity profile,
respectively. The errors are the standard deviation yields by the fitting procedure.
Fig. 8.— STEREO-Ahead observations of the longitudinal oscillation in F2 (see also animation 3). Panels (a1) – (a3) are 195 A˚ images,
in which the white arrow in panel (a1) indicates the propagating direction of the incoming wave, while those in panels (a2) and (a3) indicate
the moving direction of the oscillating filament mass. Panel (b1) is a time-distance diagram obtained from 195 A˚ images along the filament
axis as shown by the white dashed curve in panel (a1). The traced trajectory of the oscillating mass is overlaid on the time-distance
diagram as a white dotted curve. Panel (b2) shows the derived oscillation velocity (blue) and the fitting result (red) of the velocity profile.
the surface the oscillation velocity amplitudes are about
65.3, 78.1, and 89.6 km s−1, the periods are all 13.5 min-
utes, and the damping times are about 31.3, 45.3, and
54.0 minutes, respectively. F2 can only be observed from
the STEREO-Ahead angle of view, therefore, we can not
measure the three-dimensional parameters of this fila-
ment. However, after the passing of the shock wave,
intriguing large amplitude longitudinal oscillation is ob-
served in this filament, which is the first observation of
longitudinal oscillation in filaments induced by a large-
scale coronal shock wave. The longitudinal oscillation
lasts for about four cycles, and it shows a large ampli-
tude during the first cycle and then quickly decreases to
a moderate value due to some unknown damping mech-
anisms. Our analysis results indicate that the initial ve-
locity amplitude and oscillation period of the longitudi-
nal oscillation are about 26.8 km s−1 and 80.3 minutes,
respectively. We propose that the longitudinal oscilla-
tion in F2 is directly launched by the interaction of the
shock wave, which can exert a pulse-like pressure to the
filament mass in the axial direction and thus drives the
longitudinal oscillation along the filament axis.
The stereoscopic and Doppler observation of filament
oscillations is useful for diagnosing the magnetic struc-
ture and the property of filaments and shock waves, and
the derived three-dimensional information of the promi-
nence oscillation can provide important initial input pa-
rameters to further numerical and theoretical investi-
gations of the prominence nature, because the three-
dimensional results have removed the measuring errors
resulting from projection effect when one uses two-
dimensional imaging observations. As one can see in
Figure 3, the shock wave has a dome-shaped structure,
and evidently the wavefront is inclined to the solar sur-
face. Such a configuration of coronal shock waves has
also been proposed theoretically (Uchida 1968) and con-
firmed in a few recent observational studies (e.g., Liu et
al. 2012, 2013). Since the speed of a fast MHD wave
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Fig. 9.— Cartoon demonstration of the wave-prominence and wave-filament interaction processes. Panels (a) and (b) are the edge-on and
side views of the prominence and the filament, while panels (c) and (d) are the top-down view of (a) and (b), respectively. The propagation
direction of the shock wave is indicated by the black arrow on the left, and red curves represent the propagating wavefront right before
the interactions. The axis of the prominence is indicated by a red cycle on the top of the prominence in panel (a), while the filament axis
is indicated by the thin black arrow in panel (b). The axial directions of the prominence and the filament are also indicated by the black
thin arrows in panels (c) and (d), respectively.
is faster in the corona than that in the dense chromo-
sphere, the propagation of a shock wave in the chromo-
sphere should delay to its coronal counterpart. However,
due to the low cadence of the SMART observation, it
is difficult to identify such a phenomenon in this event.
On the other hand, it is well-known that prominences
or filaments are coronal structures that are cool plasmas
supported by coronal magnetic fields (e.g., Kippenhahn
& Schlu¨ter 1957; Kuperus & Raadu 1974). Therefore,
the height of the interaction positions between the shock
wave and the prominence and filaments should be high in
the low corona. The interaction between the shock wave
and the prominence presented in this paper should be a
good example for demonstrating such a process. Simi-
lar to the scenario presented in Vrsˇnak et al. (2002) and
Warmuth et al. (2004), we draw a cartoon in Figure 9
to illustrate the interaction processes between the shock
wave and the prominence and the filament. We consider
the prominence is a linear vertical magnetic structure
with its one end roots on the Sun. When the shock wave
arrives, the interaction between the wave and the promi-
nence should take place at the top end of the prominence,
and the normal vector of the shock is perpendicular to
the prominence axis. The edge-on and top-down views
of the wave-prominence interaction process are shown
in panels (a) and (c), respectively. Due to the inclined
topology of the shock wave, the pressure impacts on the
prominence should point to the bottom-right direction.
Therefore, the initial displacement of the prominence is
naturally in this direction. After the passing of the shock
wave, the prominence will oscillate freely in the corona
for a few cycles. The interaction of the shock wave and
F2 is shown in Figure 9 (b) (side view) and (d) (top-down
view). Here the axis of the filament is parallel to to the
normal vector of the shock wave during the interaction
period. Therefore, the arriving of the shock wave will
press the filament mass to move longitudinally along the
filament axis. After the passing of the shock wave, the
filament mass will oscillate freely in the filament channel.
It should be noted that the driving mechanism of longi-
tudinal oscillations in filament launched by a shock wave
is different from those by activities of micro jets, flares,
and filament eruptions, which can inject poloidal mag-
netic flux into the filament tube through magnetic recon-
nection at one of the filament legs and thereby launches
the longitudinal filament oscillation (Vrsˇnak et al. 2007).
We would like to emphasize that a shock wave can launch
not only transverse but also longitudinal filament oscilla-
tions, and the orientation of the filament relative to the
wave vector should be important for launching transverse
or longitudinal filament oscillation. Namely, when the
normal vector of the shock wave is parallel to the fila-
ment axis, a longitudinal oscillation in the filament can
be expected; otherwise, one can expect the transverse
oscillation of the filament.
It is well-known that filaments or prominences are cool
plasma supported by coronal magnetic field, and there
are two classical models that have been widely accepted
by solar physicists, i.e., the Kippenhahn-Schlu¨ter (Kip-
penhahn & Schlu¨ter 1957) and Kuperus-Raadu (Kupe-
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rus & Raadu 1974) models. The cool and dense filament
mass resides in a magnetic dip and can keep stable due to
the balance between the downward gravity and upward
magnetic force. In this line of thought, the restoring force
for transverse filament oscillation should be the coupling
of gravity and magnetic tension. As for large amplitude
longitudinal oscillations in filaments, the moving mag-
netized filament plasma along the filament tube would
change the distribution of the filament magnetic field
(especially in the case of a helical supporting magnetic
field structure), which can produce a pressure gradient
force opposite to the moving direction of the filament
mass. As proposed by Vrsˇnak et al. (2007), magnetic
pressure gradient along the filament axis can probably
be the restoring force. However, if we consider that the
filament mass oscillates in a curved magnetic dip, one
can not ignore the gravity and magnetic tension contri-
bution to the restoring force. Therefore, the restoring
force of longitudinal filament oscillation is probably the
resultant force of gravity and magnetic pressure.
Using the derived parameters of the oscillating promi-
nence and filaments, we can estimate the strength of the
supporting magnetic fields. For the transverse oscillat-
ing prominence, the radial component of the prominence
magnetic field can be estimated using the method pro-
posed by Hyder (1966). The relation between the radial
magnetic field and the oscillation period and damping
time can be written as B2r = piρ r
2
0 [4pi
2 ( 1T )
2 + ( 1τ )
2],
where Br is the radial magnetic component, ρ is the den-
sity of the prominence mass, r0 is the scale height of
the prominence, T is the oscillation period, and τ is the
damping time. If we use the value ρ = 4×10−14 g cm−3,
i.e., ne = 2 × 1010 cm−3, the above equation can be
rewritten as the form B2r = 4.8 × 10−12 r20 [( 1T )2 +
0.025 ( 1τ )
2]. With the measured oscillation periods and
damping times, we obtain that the value of the radial
component of the prominence’s magnetic fields Br at the
heights of 20, 30, and 40 Mm above the solar limb are
8.13, 8.12, and 8.12 Gauss, respectively. In the calcula-
tion, we use the value r0 = 3×109 cm (Hyder 1966). The
results appear to show that the prominence has the same
radial magnetic field strength at different height along its
main axis. However, one should keep in mind that the
plasma densities at different heights are set to the same
value in our calculation. For the longitudinal oscillating
filament, one can derive the poloidal field in the equi-
librium state with the simple equation given by Vrsˇnak
et al. (2007), where the authors found that P ≈ 4.4LvAϕ .
In the formula, P is the filament oscillation period, L is
an half of the filament length, vAϕ =
Bϕ0√
µ0ρ
represents
the Alfve´n speed based on the equilibrium poloidal field
Bϕ0. The measured L is about 54.78 Mm. With the de-
rived oscillation period, we obtain that the Alfve´n speed
vAϕ ≈ 45.48 km s−1. Using the same number density in
the above calculation, we obtain that the poloidal field
of the filament is about 3.22 Gauss.
It has been noted that filaments do not always oscil-
late when they locate on the path of a shock wave (e.g.,
Okamoto et al. 2004; Shen et al. 2014). The observation
of the weak oscillation of F1 in the present case may give
some hints to explain such a phenomenon. High resolu-
tion observations have revealed that shock waves always
dissipate their energy to thermal or other forms energy
to the ambient medium in which the wave propagates
(Thompson & Myers 2009; Shen & Liu 2012b,c; Shen et
al. 2013a; Liu & Ofman 2014). For a filament locates far
from the wave’s source region, the wave energy may de-
crease too much to launch the oscillation of the filament.
In addition, as pointed out in the present paper, the low
altitude of the filament and the reflection of the shock
wave by the nearby magnetic structures are also impor-
tant for interpreting the weak or non-oscillation filament
on the wave path, since the reflection of the shock wave
can significantly decrease its energy before the interac-
tion.
In summary, the observations of large amplitude fila-
ment oscillations are important to diagnosing the prop-
erties of filaments and shock waves, as well as for pre-
diction of a filament eruption. The restoring force and
damping mechanisms of large amplitude transverse and
longitudinal filament oscillations are all open questions.
Especially, we present the first observations of longitu-
dinal oscillation in a filament induced by a large-scale
shock wave. Although a possible driving mechanism is
proposed in the paper, it still needs more further theo-
retical and observational investigations in the future.
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